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Abstract 
Fretting fatigue is a critical load that appears on many structures, such as the blade/disk contact of aircraft 
engines, train wheel assemblies, etc. Predicting crack nucleation risk is essential for safety, but is particularly 
complex. Fretting contact stress is multiaxial, with severe stress gradients. To palliate this difficulty, a common 
approach consists in computing multiaxial fatigue at a critical distance, thus correcting the stress gradient effect and 
achieving stable pertinent predictions. However, this strategy is very costly in FEM computation due to very fine 
FEM mesh size, which may be <10 µm, and application needs to be limited in large 3D industrial contacts. 
Investigating the partial slip fretting crack nucleation boundaries of 35NCD16 steel (plane) fretted against 52100 
steel cylinders, a new semi-empirical contact loading parameter was introduced, defined as the maximum shear 
stress generated in the interface (qmax) multiplied by the square-root of the sliding size (s) of the partial slip interface 
(i.e., I = qmax u√s). Using this very simple parameter inspired by “crack analog strategy”, it was found that all the 
crack nucleation data obtained for a wide spectrum of contact pressures and cylinder radii were aligned along a 
single master curve. Scatter was very low, even less than for the costly “fatigue-critical distance method”. The 
approach was extended to various fretting-fatigue loading conditions, confirming stability of prediction.  
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1. Introduction 
Fretting is a small amplitude oscillatory movement which may occur between contact surfaces subject to 
vibration or cyclic stress. Combined with cyclic bulk fatigue loading, fretting-fatigue loading can induce catastrophic 
cracking which critically reduces the endurance of assemblies [1].  Fretting-fatigue loading can be characterized by 
the superposition of a heterogeneous cyclic stress gradient related to the contact loading, and a quasi-homogeneous 
fatigue bulk loading. Crack nucleation is commonly addressed by transposing conventional multi-axial fatigue 
criteria, taking account of stress gradient effects. Fretting stress conditions are characterized by very severe stress 
gradients which may be one order of magnitude higher than common notch fatigue stress configurations (Fig. 1).  
 
 
Fig. 1. Illustration of the loading specificities of fretting fatigue. 
 
Non-local fatigue approaches are therefore required to predict cracking risk. Stress averaging approaches [2,3], or 
equivalent critical distance methods [4], which consider the stress state at a “critical distance” from the stress “hot 
spot”, are commonly applied to capture the stress gradient effect. However, these approaches, which consider a fixed 
length scale value, are of limited relevance when large stress gradient fluctuations are operating. To palliate this 
limitation, an alternative strategy consists in weighting the “hot spot” prediction by using a decreasing linear 
function expressed as a function of the gradient of the hydrostatic stress around the hot spot [5,6]. This strategy 
provides more stable predictions when focusing on the incipient small (≈10 µm) crack nucleation process, but 
requires very fine mesh and therefore costly FEM contact computations. To palliate this limitation, Montebello et al. 
[7] recently introduced a further alternative strategy, describing the partial slip contact configuration in terms of 
fracture mechanics. Extending the “crack analog” strategy introduced by Giannakopoulos et al [8], it was shown that 
the fretting crack nucleation condition can be formulated by combining non-local intensity factors. This approach 
seems very convenient, but still requires complex computations. Comparing the stress field generated in the 
cylinder/plane sliding zone of the fretting fatigue interface, we propose a semi-empirical contact loading parameter, 
defined as the maximum shear stress generated in the interface (qmax) multiplied by the square-root of the sliding size 
(s) of the partial slip interface (i.e.  I = qmax√s). We compared crack nucleation conditions for 35NCD16 low alloyed 
steel subject to various plain fretting and fretting-fatigue conditions. The stability of the prediction based on this very 
simple semi-empirical parameter was compared versus conventional local and non-local critical distance fatigue 
stress strategies.  
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2. Experiments 
2.1. Materials 
The study material was a tempered 35NiCrMo16 low-alloyed steel displaying a tempered Martensitic structure. 
The original austenite grain size was about Ø =10 to 20 µm diameter. The mechanical and fatigue properties of this 
steel are summarized in Table 1 [9]. 
Table 1. Mechanical and fatigue properties of the 35 Ni Cr Mo 16 low-alloyed steel.  
E(MPa) Q Vy0.2% (MPa) Vu (MPa) Vd(-1) (MPa) Wd(-1)  (MPa) 'Kth (MPa√m) 
205,000 0.3 950 1,130 575 386 3.2 
(Young's modulus; QPoisson’sratio; Vy0.2%: Yield stress (0.2%); Vu: ultimate stress;Vd(-1): traction-compression fatigue limit 
(RV= Vmin/Vmax=-1 for 107 cycles); Wd(-1)shear fatigue limit (RW=-1 for 107 cycles);  'Kth: long crack threshold (R=-1). 
Chromium 52100 steel was chosen for the cylindrical pads in order to maintain similar elastic conditions whilst 
simultaneously ensuring that cracks arose only in 35NiCrMo16 specimens. Both plane and cylindrical pad surfaces 
were polished to achieve small surface roughness (Ra=0.05 µm). 
2.2. Test conditions 
As illustrated in Fig. 2, two different test apparatuses were employed to quantify fretting and fatigue effects in the 
cracking process. Plain fretting tests imposed a nominal static normal force P, followed by a pure alternating cyclic 
displacement amplitude (G), so that an alternating cyclic tangential load Q was generated on the contact surface. 
 
 
Fig. 2. Illustration of the experimental strategy based on combined plain fretting and fretting fatigue analysis. 
 
During each test, P, Q and G were recorded, from which the G - Q fretting loop could be plotted to check the partial 
slip condition (i.e., closed elliptical G - Q fretting loop shape). The plane specimen was not subjected to any fatigue 
stress. The fretting fatigue experiments were performed using a dual actuator system [9]. This system allows 
separate application and control of fretting and fatigue loadings. Like for plain fretting, the system was instrumented 
to measure both contact loading (P, Q*, G*) and fatigue stress (VmaxRV=VminVmax To analyze contact pressure, 
fatigue stress and stress gradient effects, various cylinder radii from R= 20 to 80 mm, Hertzian contact pressures 
from pmax=600 to 1000 MPa and fatigue stress conditions from σmax= 100 and 400 MPa were investigated imposing 
an Rσ=0.1 fatigue stress ratio. The details of the study conditions are compiled in Table 2 (Fig. 3b). Note that the 
lateral width of the cylinder pads (L) was chosen to satisfy a plain strain hypothesis. 
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2.3. Experimental results 
Proudhon et al.’s approach [10], consisting in measuring the friction coefficient at the transition between partial 
and gross slip conditions (µ t), was applied to establish a representative value for the friction coefficient operating in 
the sliding zone of partial slip interfaces (i.e., µPS=µt). Plain fretting analysis of the various cylinder configurations 
gave a nearly constant value of µ=µPS=µt=0.8 ± 0.05 [9]. 
The cracking investigation consisted in identifying the partial fretting loading (i.e. Q*<µP) inducing a threshold 
crack length after 106 cycles. The following methodology was applied: After each fretting test, the plane specimen 
was cut along the medial axis of the fretting scar. Cross-sectional observation determined the maximum projected 
crack length (b). This crack analysis was generalized to various tangential force amplitudes in order to plot the 
evolution of b versus tangential force amplitude (Fig. 3a) and thus to extrapolate the threshold tangential force 
amplitude in the crack nucleation condition (QCN*). This investigation was generalized for all the plain fretting and 
fretting fatigue conditions. Results are compiled in Table 2.  
 
 
 
Fig. 3. (a) Methodology used to identify the Q*CN threshold tangential force amplitude inducing crack nucleation (106 cycles, b=10µm); (b) 
Plain fretting (PF) and fretting fatigue (FF) conditions. 
 
 Table 2. Compilation of test conditions (PF: plain fretting; FF: fretting fatigue) [9]. 
    
R  
(mm) 
L 
(mm) 
P  
(N/mm) 
Vmax 
(MPa) 
RV
 
pmax 
(MPa) 
a  
(mm) 
µt 
 
*
CNQ  
(N/mm) 
k=c/a 
 
h=e/a 
 Y
VM
V
V  
PF_1 20 3 353 0 0 800 0.28 0.8 186 0.58 - 0.97 
PF_2 20 3 552 0 0 1,000 0.35 0.8 218 0.71 - 1.05 
PF_3 40 5 398 0 0 600 0.42 0.85 271 0.38 - 0.83 
PF_4 40 5 707 0 0 800 0.56 0.88 287 0.70 - 0.85 
PF_5 40 5 1,100 0 0 1000 0.70 0.75 310 0.80 - 0.89 
PF_6 80 8 795 0 0 600 0.84 0.79 305 0.72 - 0.62 
PF_7 80 8 1,414 0 0 800 1.12 0.78 399 0.80 - 0.71 
PF_8 80 8 2,209 0 0 1,000 1.40 0.74 470 0.85 - 0.77 
FF_1 80 8 795 100 0.1 600 0.84 - 273 0.75 0.024 0.69 
FF_2 80 8 795 200 0.1 600 0.84 - 261 0.76 0.048 0.78 
FF_3 80 8 795 400 0.1 600 0.84 - 137 0.88 0.095 0.87 
FF_4 40 8 398 100 0.1 600 0.42 - 210 0.58 0.024 0.83 
FF_5 40 8 398 200 0.1 600 0.42 - 192 0.62 0.048 0.90 
FF_6 40 8 398 400 0.1 600 0.42 - 100 0.83 0.095 0.93 
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Optical checks found that incipient crack nucleation was systematically located at the trailing contact borders. Under 
partial slip conditions, surface wear was negligible and contact geometry could be taken as unchanged during the 
fretting tests. 
3. Contact stress analysis 
Contact stress in the plain fretting and fretting fatigue experiments was analyzed using an analytical formulation 
combining Mindlin’s analytical description of partial slip contact (Fig. 4a) [11] with an adapted application of 
McEven’s plain strain formalism [12]. The McEven formalism determines the stress state below the surface 
according to elliptical surface pressure and shear profile. By summing the contributions of various elliptical shear 
distributions, the partial slip loading path, expressed as a function of stick radius “c” and Hertzian contact radius 
“a”, can be determined. Note that the offset or eccentricity (“e”) of the stick zone, induced by fatigue strain 
deformation of the fatigue specimen, was taken account of using Nowel’s formalism [11] (Fig. 4b). 
 
 
 
Fig. 4. Surface pressure and shear distributions: (a) plain fretting condition; (b) fretting fatigue condition; : hot spot stress. 
 
This approach is justified if Hertzian preconditions are satisfied: elastic stress conditions, smooth surfaces, plain 
strain hypothesis and a specimen thick enough to satisfy a semi-infinite contact configuration. The low surface 
roughness of the specimens, the large lateral width of the cylinder pads and the 10 mm specimen thicknesses 
conformed to these conditions. A-posteriori stress analysis further showed that the crack nucleation conditions 
correspond to elastic stress conditions (VVM/Vy<1). A major interest of this analytical stress description is the very 
fast computation of the cyclic stress path. For friction coefficients greater than 0.3, the most severe stress conditions 
(hot-spot stress) were systematically found at the surface contact borders for symmetrical plain fretting conditions 
and at the trailing surface contact border for fretting fatigue conditions. Stress could be explicitly analyzed at hot-
spot locations [9]. In addition, the stress field induced by fretting loading (i.e., shear and pressure distribution) was 
shown to be V11 uniaxial, alternating at these positions (i.e., bi-axial, assuming a plain strain hypothesis). The 
following simple expressions were derived at x=-a and z=0 for fretting fatigue conditions assuming that stick zone 
plus eccentricity remained smaller that contact radius (i.e., e + c <a): 
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0
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V
V         (4) 
The maximum tensile fretting stress induced by fretting loading can also be expressed as a function of maximum 
fretting fatigue surface shear stress [9]:  
)k,h(fq2 maxmax11(fr),  V           (5) 
with    »»¼
º
««¬
ª

¹¸
·
©¨
§

 212
21
)hk(1
h
hk1
hk1)k,h(f  and    2120max hk1qq      (6) 
Total fretting fatigue stress was assessed by summing contact fretting and bulk fatigue stress: 
maxmax11(fr),max11(ff), VVV   and maxmax11(fr),min11(ff), R VVV V      (7) 
For the plain fretting condition (i.e., maxV =0), the above expressions can be simplified to: 
maxa11(fr),min11(fr),max11(fr), q2   VVV with   2120max k1qq       (8) 
 
 
 
Fig. 5. (a) Sub-surface fretting stress distributions at trailing contact border (x= -a); (b) Tensile stress ratio evolution below the surface at the 
trailing contact border (x= -a) (PF 4 test condition, Table 2).  
 
Deeper below the surface, the stress field became multiaxial (Fig. 5a). Moreover, V11(fr) ceased to be alternated and 
displayed significant variation in stress ratio (Fig. 5b). The stress field distribution on the surface was also 
characterized by severe stress gradient conditions (Fig. 6).   
 
 
 
Fig. 6.  Surface fretting stress distributions at the trailing side of a partial slip cylinder/plane contact (PF 4 test condition (e=0), Table 2).  
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Principal stress was obviously maximal at the trailing contact border and identical to the V11(fr),max component. 
Moreover, maximal Tresca shear was nearly constant over the whole sliding zone and equivalent to the qmax value.  
From this basic stress analysis it can be concluded that a simple uniaxial description is sufficient if the fatigue stress 
analysis is restricted to the hot-spot surface trailing contact border (i.e., x=-a, z=0). Alternatively, if a subsurface 
“critical distance” fatigue stress analysis is required (i.e., x=-a, z = ℓ), a multiaxial fatigue description is required. A  
Crossland multiaxial fatigue approach [13], well adapted to describe the fatigue response of the present alloy, was 
adopted. Crack risk was expressed as a linear combination of the maximum amplitude of the second invariant of the 
stress deviator path )t(S  and the maximum value of the hydrostatic pressure of the stress path )t(6 :  
,maxHCa,2C J VDV   with 3
3
d
dd
C V
VWD        (9) 
where  
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max,H 6V .  (10) 
There was crack nucleation if dC WV t  
4. Fatigue stress analysis 
Next to the gross slip transition (i.e., small k value), gross slip sliding can occur, inducing surface wear which 
critically affects contact geometry and fretting stress field distribution. To avoid this scatter, all tests with k <0.4 
(i.e., PF3 test condition) were excluded from fatigue analysis. 
4.1. Uniaxial hot-spot fatigue analysis  
  The fretting stress component V11(fr),max at the hot-spot trailing contact border was uniaxial and purely alternated. 
Crack nucleation could be predicted from a uniaxial fatigue stress description. Fig. 7a compares the evolution of 
V11(fr),max stress under plain fretting crack nucleation conditions versus contact pressure for the various cylinder radii. 
The results were very conservative and widely scattered. Statistical analysis gave V11(fr),th ≈ 897 ± 159 MPa. The 
crack nucleation threshold was overestimated by more than 55% compared to the alternated fatigue limit and 
relative scatter was greater than 17%. To compare the effect of fatigue loading, the computed fretting stresses 
V11(fr),max computed from the p(x) and q(x) surface stressings were plotted versus maximum fatigue stress in Fig 7b.  
The maximum stress at the fatigue limit was estimated by combining the applied fatigue stress ratio (RV), alternated 
fatigue limit (amplitude) (Vd(-1)) and ultimate stress (Vu) using Haigh’s linear approximation: 
 
¸¸¹
·
¨¨©
§  
 u)1(ddmax,
R1R12 VVV
VV         (11)    
      
For RV=0.1, Vmax,d(0.1)= 788 MPa. It interesting to see that the fretting fatigue results followed the V11(fr),th -Vmax,d(0.1) 
linear boundary. There was, however, significant scatter between the two cylinder radii, confirming that the stress 
gradient effect related to the fretting loading was still affecting fretting fatigue prediction. Moreover, the “hot spot” 
fretting fatigue crack nucleation boundary was significantly above the theoretical Vd(-1)-Vmax,d(0.1) material fatigue 
boundary, which again confirms the need for non-local fatigue analysis to predict both plain fretting and fretting 
fatigue cracking. 
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Fig. 7.  Application of “hot spot” fatigue stress analysis (Table 2): (a) V11(fr),max – pmax  plain fretting chart;  
(b)  V11(fr),max)- Vmax  fretting fatigue chart  (PF: plain fretting tests; FF: fretting fatigue tests).  
 
4.2. Crossland  & critical distance fatigue analysis  
    To take the contact stress gradient effect into account, the critical distance approach was applied, consisting in 
performing fatigue stress analysis at a distance ℓ below the hot-spot [14, 15]. As shown in Fig. 5, just below the 
surface, the stress generated by contact loading becomes multiaxial, so that multiaxial fatigue analysis is required. 
The critical distance was arbitrarily fixed at ℓ =10 μm, corresponding to the crack length related to the crack 
nucleation threshold and also to the grain size of the microstructure. For each plain fretting and fretting fatigue crack 
nucleation condition, the equivalent Crossland stresses VC(fr)(ℓ) related to the  fretting stresses (i.e., induced by p(x) 
and q(x) pressure and shear surface profiles) were computed at the critical distance (i.e., x= -a, z= ℓ). Equivalent 
Crossland stresses were plotted versus maximum contact pressure pmax, leading to the VC(fr)(ℓ)-pmax fretting chart 
(Fig. 8a), whereas when plotting versus the fatigue stress led to the VC(fr)(ℓ)-Vmax fretting fatigue chart (Fig. 8b). 
Statistical analysis of plain fretting data gave VC(fr),th (ℓ)= 408 ± 49 MPa. This value is very close to the shear fatigue 
limit (386 MPa) and the relative discrepancy was then reduced to 12%. This better correlation was confirmed in the 
VC(fr)(ℓ)-Vmax fretting fatigue chart, where the VC(fr),th(ℓ)-Vmax,d(0.1) linear crack nucleation boundary was now very 
close to the theoretical material boundary (Wd(-1) -Vmax,d(0.1)) (Fig. 8b). Compared to the previous hot-spot analysis, 
scatter was considerably reduced.  
 
Fig. 8.  Application of Crossland fatigue stress analysis at critical distance  (Table 2): (a) VC(fr)(ℓ)-pmax plain fretting chart; (b)  VC(fr) (ℓ)-Vmax  
fretting fatigue chart (PF: plain fretting tests; FF: fretting fatigue tests).  
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The fretting-fatigue crack nucleation boundary could therefore be approximated by expressing threshold fretting 
loading as a function of the applied fatigue stress: 
¸¸¹
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§  
)1.0(dmax,
)1.0max(
)1(d
)1.0(dmax,
)1.0max(
th),fr(C)fr(C 11)()( V
VWV
VVV ""     (12)        
4.3.  Uniaxial & critical distance fatigue approximation  
      Multiaxial fatigue analyses such as the Crossland fatigue criterion are quite complex and require expensive 
numerical computation. Fig. 5 shows that, for very small ℓ/a ratios as presently investigated (i.e., smaller than 
2.5%), the stress field is nearly uniaxial and the fretting tensile state approximately alternated. Analysis could 
therefore be simplified, using a simple uniaxial fatigue investigation at the critical distance z=ℓ [16].  Fig. 9 
compares the V11(fr),max)(ℓ)-pmax fretting and V11(fr),max(ℓ)-Vmax fretting fatigue crack nucleation charts. Again, scatter 
was low and correlations with fatigue properties were very good. Statistical analysis of the plain fretting data gave a 
mean threshold critical distance tensile stress of V11(fr),max,th (ℓ) = 543±48 MPa. The relative scatter of around 9% was 
even smaller than on multiaxial fatigue analysis. The V11(fr),max,th(ℓ) value was also very close to the alternated fatigue 
limit of the material.     
 
 
 
Fig. 9.  Application of tensile fatigue stress analysis at critical distance  (Table 2): (a) V11,max(fr) )(ℓ)-pmax plain fretting chart; (b)  V11,max(fr) )(ℓ)-Vmax  
fretting fatigue chart (PF: plain fretting tests; FF: fretting fatigue tests).  
 
As previously, the fretting-fatigue crack nucleation boundary could be approximated by expressing threshold 
fretting loading as a function of the applied fatigue stress: 
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5. Semi-empirical fracture mechanics approaches 
The above fatigue stress investigation confirmed that crack nucleation risk could be predicted by taking account 
of the stress gradient effect via a suitable critical distance approach. It also confirmed that, if the ℓ/a ratio is small 
enough, fatigue stress analysis can be simplified as a simple uniaxial fatigue description.  However, this fatigue 
stress analysis requires precise estimation of subsurface stress, which can be hard to achieve. In the present elastic 
cylinder/plane investigation, explicit analytical stress field formulations were available, so the exact fretting stress 
path could be computed in a few seconds. However, for more complex contact configurations where FEM 
simulations are required, expensive and fastidious computations are needed, since very fine surface meshing (10 
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µm), equivalent to the critical distance, must be adopted to establish reliable contact stress fields. This could be very 
detrimental when large 3D contact configurations are addressed. Although reliable non-local fatigue stress 
approaches are now available, they are not usually applied due to the cost of contact stress simulations. This partly 
explains why empirical approaches such as Ruiz’s criterion [17] (i.e., tensile stress-friction work product) are still 
used in industry, since they require only pressure, slip and shear surface profiles, which are easily computed from 
coarse FEM simulations. Providing a more physical description, Montebello et al. [7], by extending the crack analog 
approach introduced by Giannakopoulos et al. [8], demonstrated that the fretting cracking process could be 
formulated using an equivalent fracture mechanics approach. We here consider a similar “crack analog” strategy 
but, rather than considering contact radius (a) as the length scale parameter, the width of the sliding zone (s) was 
taken as a representative length scale parameter in the “crack analog” description.     
5.1. Equivalent mode II fretting stress intensity factor  
Fig. 10 plots the alternate V11(fr),a fretting stress amplitude along the X axis for a representative cylinder/plane 
partial slip condition: 
2
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 Whatever the external fatigue stress (i.e., whatever the h value), it was maximum and equal to V11(fr),max at the 
trailing contact border and zero at the stick boundary (i.e., x= -c+e). This enabled a triangular distribution of V11(fr),a  
along the sliding zone to be considered (Fig. 10). Using this approximation, an equivalent mode II fretting stress 
intensity factor range was defined:  
sk2s)max(k2K max),fr(11a),fr(11)fr(II VV'     with  ecas     (15)  
       
 
 
Fig. 10.  Illustration of crack analog description: (a) distribution of V11(fr),a  stress amplitude induced by surface fretting loading; (b) Diagram of 
the correlation between the partial slip fretting interface and 2D open crack subject to a triangular shear stress distribution.  
      
 
The k value depends on the V11 profile. For a trailing contact border equivalent to the crack tip of a 2D plain strain 
open crack, as suggested in the crack analog approach, a rising triangular profile can be assumed (i.e., maximum 
value at the crack tip (max (V11(fr),a)= V11(fr),max) and minimum value at the crack edge (V11(fr),a = 0)). For such a 
configuration, k= 0.68 [18]. A symmetrical distribution (i.e., decreasing profile) gives k=0.44. As a first 
approximation, we assume k=0.5, which gives:   
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Fig. 11a compares the 'KII(fr) values obtained for the various crack nucleation plain fretting conditions. Despite 
the simplicity of the formulation, all the results were aligned along a single trend with very little scatter. The mean 
value, related threshold crack nucleation, was 'KII(fr),th = 358 ± 18 MPa.√mm. Relative scatter was very small, 
around 5%, confirming the stability of this approach in capturing the fretting stress gradient effect. The fretting 
fatigue investigation (Fig. 11b) confirmed this tendency. Scatter was significantly reduced compared to the hot-spot 
fatigue stress analysis and all results were located along the 'KII(fr),th - Vmax(0.1)  linear boundary. The fretting fatigue 
experiments were moreover slightly above this theoretical boundary defined from plain fretting and fatigue tests, 
which suggests welcome conservative fretting fatigue predictions. 
   
 
Fig. 11.  Sliding size crack analog approach (mode II equivalent stress intensity factor range) (Table 2): (a)  'KII(fr) -pmax plain fretting chart; (b)  
'KII(fr)-Vmax  fretting fatigue chart (PF: plain fretting tests; FF: fretting fatigue tests).   
 
The fretting-fatigue crack nucleation boundary can be approximated expressing the threshold 'KII(fr) fretting 
loading as a function of the applied fatigue stress: 
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5.2.  Contact shear-sliding size fretting parameter  
The above mode II equivalent stress intensity fretting parameter requires V11(fr),max stress computation, which is 
sometimes complex due to FEM non-convergence [16]. The hot-spot V11(fr),max stress is usually underestimated and 
is at least mesh-size dependent. To simplify analysis, it appears more convenient to consider the surface shear 
profile, which is less affected by the FEM computation. Coupling with equation 5, expression 16 can be rewritten as 
follows: 
I'  )k,h(f2K )fr(II   with sqmax I         (18) 
 
Neglecting the influence of the f(h,k) function, which is equal to 1 for plain fretting conditions and displays 
small fluctuations for the studied fretting fatigue conditions, it can be assumed that fretting crack nucleation can be 
formalized as maximum shear stress (qmax) multiplied by the square-root of the width of the sliding zone (s) at the 
trailing side of the partial slip fretting fatigue interface.  Fig. 12 compares the distribution of the plain fretting crack 
nucleation results versus the corresponding I  fretting parameter. As expected, a very good correlation is observed, 
equivalent to the previous 'KII(fr) description, so that, under plain fretting where V11(fr),max = 2qmax, we deduced  
Ith=90 ± 5 MPa.√mm. Regarding fretting fatigue results, good correlation, equivalent to the previous 'KII(fr) 
parameter, was observed. The main advantage of this formulation is that it involves only simple contact qmax and s 
variables, easily extracted from coarse FEM computations. Besides, it does not require the tricky estimation of 
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critical distance ℓ, as required by non-local fatigue stress strategies. However, like for the previous 'KII(fr) analysis, 
the threshold defining crack nucleation (i.e., thI ) cannot at the present time be estimated from material fatigue data 
and needs reverse analysis from plain fretting experiments. The tests required for such identification are, however, 
fast and inexpensive and use a small volume of material. 
  
 
Fig. 12.  Contact shear-sliding size fretting parameter: (a)  I -pmax plain fretting chart; (b) I-Vmax fretting fatigue chart.  
 
 The fretting-fatigue crack nucleation boundary is approximated by expressing the threshold I fretting parameter 
as a function of the applied fatigue stress: 
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Interestingly, the I fretting parameter could also be related to the elastic shear strain energy integrated over the 
trailing sliding zone: fretting Tresca stress was shown constant over the sliding zone (Fig. 6). The cyclic elastic 
distortion energy per unit volume can then be approximated by: 
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Maximum Tresca stress was also shown to be equivalent to qmax (Fig. 6). The surface distortion energy integrated 
over the trailing sliding zone was therefore approximated by: 
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Like for fracture mechanism analysis, the link between the I fretting parameter and the *(fr)(s) distortion energy 
suggests that the fretting cracking process could be related to a process of release of the cyclic strain energy in the 
trailing sliding zone. It indirectly supports the idea that crack nucleation is activated when the cyclic distortion 
energy in the sliding zone exceeds a threshold value (i.e., *(fr)(s)> *th), which is also consistent with the crack analog 
description (i.e., I > Ith). This interesting correlation supports the idea that stress-strain energy approaches are 
potentially relevant to describe complex crack nucleation processes activated in fretting fatigue interfaces. 
 
6. Conclusion 
An extensive cylinder/plane plain fretting and fretting fatigue crack nucleation analysis of a 35NiCrMo16 low 
alloyed steel was performed for high cycle fatigue conditions (106 cycles). The following points emerged: 
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- It was confirmed that local hot-spot fatigue stress analysis is not suitable for predicting cracking risk, as it does 
not consider the stress gradient effect induced by fretting loading.  
- Applying a critical distance approach equivalent to the dimension of the crack flaw (ℓ ≈ bCN=10µm) combined 
with a multiaxial Crossland fatigue stress analysis, provides more reliable predictions. 
- If the ratio between the critical distance and the contact radius is small (i.e., ℓ/a < 0.025), uniaxial fatigue stress 
approximation is still consistent. 
- A modified “crack analog approach”, which considers the width of the sliding zone of the partial slip contact as 
a representative length scale, was introduced. Fretting fatigue crack nucleation is then described using an equivalent 
fretting fracture 'KII(fr) parameter combined with a bulk fatigue Vmax(0.1) variable. Very good correlation was 
achieved, confirming the interest of this strategy for the stress-strain discontinuity operating at the trailing contact 
border. 
- The 'KII(fr) crack analog fretting parameter can be simplified, and it was shown that the fretting cracking 
process can be formalized using a very simple  parameter: sqmax  I . The main advantage of this semi 
empirical formulation is that it involves only shear surface profile computation (qmax and s), which can easily be 
obtained from simple FEM computations. 
- It was shown that the I fretting parameter can be related to the cyclic elastic distortion energy in the trailing 
sliding zone. This suggests that stress-strain energy approaches may be useful to describe complex crack nucleation 
processes activated in fretting fatigue interfaces. 
    
Future developments are now required to establish the stability of these various strategies for different contact 
loading conditions and, above all, different contact geometries.  
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